The matrix (M) protein of vesicular stomatitis virus (VSV) plays an important structural role in viral assembly, and it also has a regulatory role in viral transcription. We demonstrate here that the M protein has an additional function. It causes visible cytopathic effects (CPE), as evidenced by the typical rounding of polygonal cells after VSV infection. We have analyzed a temperature-sensitive mutant of the M protein of VSV (tsG33) which is defective in viral assembly and which fails to cause morphological changes of the cells after infection at the nonpermissive temperature (40°C). Interestingly, this defect in viral assembly as well as the CPE were reversible. Microinjection of antisense oligonucleotides which specifically inhibit M protein translation also inhibited the occurrence of CPE. Most importantly, when cells were transfected with a cDNA encoding the temperature-sensitive M protein of tsG33, no CPE was observed at the nonpermissive temperature. However, when these cells were shifted to the permissive temperature (32°C), they rounded up and detached from the dish. These results demonstrate that M protein in the absence of the other viral proteins causes rounding of the cells, probably through a disorganization of the cytoskeleton. The absence of CPE at the nonpermissive temperature is correlated with an abnormal dotted staining pattern of M in these cells, suggesting that the mutant M protein may self-aggregate or associate with membranes rather than interact with cytoskeletal elements.
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All negative-strand RNA viruses possess a major structural protein, the matrix or M protein. The M protein of vesicular stomatitis virus (VSV) plays two important roles (for a review, see Wagner [41] ). First, the protein plays a pivotal role in the assembly of the virus. The M protein is initially a soluble cytoplasmic protein which binds to cellular membranes during the budding process. Chemical crosslinking studies indicate that M protein is also in close proximity to other viral envelope components, in particular the viral glycoprotein G and the viral nucleocapsid (9, 20) . Other studies show that the matrix protein interacts with nucleocapsids and promotes the condensation of nucleocapsids into tightly coiled structures both in vitro (28) and in vivo (29) . The second function of M protein is directly linked to its ability to bind to nucleocapsids. This interaction inhibits and thereby controls viral transcription (5, 8) . Besides these two well-characterized functional activities of M, we demonstrate here that M protein also plays a role in the cytopathogenesis of VSV.
Infection of cells with VSV results in a rapid inhibition of cellular macromolecular synthesis shortly after infection and the development of a cytopathic effect (CPE) which is manifested starting about 4 h after infection by the rounding of the cells (22, 23, 41) . Subsequently, the cells detach from the plate and eventually lyse. One of the temperaturesensitive (ts) mutants of the M protein (tsG33) was of particular interest to us because it does not induce rounding of the cells at a nonpermissive temperature (40°C). Ono et al. (31) showed that this defect correlates with an abnormal distribution of M protein in these cells. M protein seems to form aggregates in these cells, and the assembly of new virus is inhibited (17) . It should be pointed out that it is not known whether all M protein mutants which are deficient in assembly are also deficient in causing CPE. * The complementary plus-strand DNA was synthesized by the polymerase chain reaction (PCR) (36) by using a synthetic oligonucleotide primer B (AACTCGAGCCCAATC CATTCATCATGAGTTCC) which is identical in sequence to positions 27 to 50 at the 5' end of the M mRNA preceded at its 5' end by 6 nucleotides representing the XhoI cloning site and two additional A residues. The double-stranded DNA was amplified by PCR with both oligonucleotides A and B (conditions, 95°C for 1 min, 45°C for 2 min, 70°C for 3 min; 30 cycles) (see Fig 5) . The amplified double-stranded cDNA was phenol-chloroform extracted, ethanol precipitated, digested by XhoI and BssHII restriction enzymes, and subjected to 1.5% agarose gel electrophoresis. The approximately 820-base-pair (bp) fragment corresponding to the M mRNA cDNA of tsG33 was purified after electroblotting onto a NA-45 DEAE membrane (Schleicher & Schuell, Inc., Keene, N.H.). It was inserted into the unique and adjacent XhoI-BssHII cloning sites of the SV40 expression vector pJC119 into which the BssHII cloning site had been introduced earlier (24) . Escherichia coli HB101 cells were transformed, and ampicillin-resistant colonies were picked.
The nucleotide sequences of two selected clones, ptsM16 and ptsM20, were determined by using Sequenase as directed by the manufacturer (U.S. Biochemical Corp., Cleveland, Ohio). The XhoI-BssHII fragment containing the entire tsM gene was excised from ptsM16 and ptsM20 and subcloned into a modified pGEM4XB vector (10) . These constructs were designated pGtsM16 and pGtsM20. Plasmids pKOM1 and pKOM2 had previously been isolated by K used) were synthesized and prepared as described above. They were purified by electrophoresis on a 20% polyacrylamide gel containing 8 M urea. After elution from the gel, they were dissolved in 0.14 M KCl-2 mM piperazine N,N'-bis(2-ethanesulfonic acid) (PIPES), pH 7.6, and manually microinjected at a concentration of 1 mg/ml as described previously (14) . After fluorescein. The viral L protein was detected with a monospecific rabbit antibody and the corresponding goat antirabbit IgG antibody conjugated to rhodamine.
In vitro transcription and translation. pGem4XB (described elsewhere [10] ) was used for in vitro transcription of the wild-type gene, the tsM gene, and the truncated M genes. Five micrograms of each plasmid was linearized by digestion at the unique BssHII site. Capped runoff transcripts were synthesized by using the T7 microprobe kit (Promega Biotec, Madison, Wis.). RNA was translated in a micrococcal nuclease-treated rabbit reticulocyte lysate (Promega Biotec) and labeled in the presence of [35S]methionine (specific activity, >800 Ci/mmol; Amersham Corp., Arlington Heights, Ill.). The proteins were analyzed on sodium dodecyl sulfate-polyacrylamide gels and visualized by fluorography according to standard procedures.
RESULTS
Reversibility of the CPE caused by ts M mutant. It has been previously mentioned that infection with the VSV M mutant tsG33 does not induce cell rounding of the cells when they are incubated at the nonpermissive temperature (40°C). In contrast, at the permissive temperature (32°C) the infected cells become round as early as 3 to 4 h after infection (31) . We confirmed this result (Fig. 1A and B) . When the infected cells were first maintained at 40°C for 3 to 4 h and were then shifted to 32°C for 3 h, the normally polygonal BHK cells became round (Fig. 1C) . Moreover, the rounding of the cells could be reversed by shifting the infected cells again for 3 h to the nonpermissive temperature (Fig. 1D) . Cells which had become round at 32°C again adopted a polygonal shape.
The proportions of round cells versus cells with a polygonal shape were quantified (Table 1) . After the shift-up from 32 to 40°C, the percentage of round cells decreased from 74 to 30% within 3 h, whereas it increased from 20 to 84% within 3 h after shift-down to the permissive temperature. Furthermore, when the cells were moved back to the initial temperature, 89% of round cells were found again at the permissive temperature, compared with 36% at the nonpermissive temperature. We conclude that this morphological change (polygonal versus round) was entirely dependent on the temperature and that it was reversible.
In order to test whether M protein which was presynthesized for 3 h at 40°C could cause the rounding of the cell after the shift to 32°C, we prevented the synthesis of new M protein by adding 100 ,ug of cycloheximide per ml 15 min before the shift-down. Despite the inhibition of protein synthesis, we observed the same morphological changes as described previously without the drug (Fig. 1C and Table 1 ). This indicates a reversibility of the defect of the presynthesized M protein with respect to cell rounding. These results are in good agreement with the previous study that showed a reversibility of the defective function of M which resulted not only in the disaggregation of the M protein within the cell ing as well as the cell rounding were typical for VSV-infected cells (Fig. 2D) (Fig. 3A) . In dramatic contrast, the expression of the other four viral proteins of VSV under the control of the same SV40 promoter was very efficient with respect to the level of protein expression and the efficiency of transfection.
To rule out artifactual rearrangements of the M gene sequence or the generation of incorrect reading frames, runoff transcripts of the cloned gene were synthesized in vitro by T7 RNA polymerase by using the modified pGEM4XB vector (10) . These transcripts were then translated in a cell extract. Analysis of the protein by polyacrylamide gel electrophoresis showed that the M protein was readily made in vitro and that it comigrated with M protein found in the virion (Fig. 4, lane 1) . The 5 . Two clones (ptsM16 and ptsM20) were selected, and the sequences of both were determined by using Sequenase as described in Materials and Methods.
The ptsM20 sequence was identical to the corresponding consensus sequence reported by Morita et al. (26) , but for ptsM16 one additional nucleotide at position 424 differed from the wild-type Glasgow strain sequence, resulting in a Gln-to-Arg amino acid change (Fig. 6A) . This point mutation can be attributed either to the high degree of spontaneous mutability of the VSV genome (37) or to the error rate of the reverse transcriptase or Taq polymerase during the PCR reaction. These two tsM genes were subcloned into pGEM4XB. Transcripts made from these genes by T7 RNA polymerase were translated in vitro, and they produced a single protein (Fig. 4, lanes 2 and 3) which migrated closely to the wild-type M protein translated in vitro (Fig. 4, lane 1) as well as to authentic M protein from the virus particle (Fig.  4, lanes V) . Cos cells were transfected with ptsM16 or ptsM20 and incubated for 20 and 40 h at permissive and nonpermissive temperatures, fixed, and stained for M protein. When the cells which were transfected with ptsM20 were maintained at 40°C, approximately 1% of them showed bright immunofluorescence in the form of small dots, mainly in the perinuclear region, as was also observed with tsG33 mutant-infected cells at the nonpermissive temperature (Fig.  3B) . This demonstrated that the M protein appears to aggregate either with itself or with cellular components in the absence of the other viral proteins. In addition, these Mprotein-expressing cells always appeared healthy, with a polygonal shape (Fig. 3B) . In contrast, when the cells were incubated at 32°C, only very few round cells expressing M protein were detected (Fig. 3C) . Surprisingly, after transfec- (26) . Nucleotides that differ from the corresponding wild-type sequence (-) and an additional mutation found only in clone ptsM16 (A) These results are compatible with our above hypothesis that the expression of ts M protein at the permissive temperature induces the rounding of the cells, which consequently detach from the plate and are lost before staining. Together with its function during viral assembly and its control of viral transcription, this additional function of the M protein is also impaired at the nonpermissive temperature, and consequently no CPE is detected. At the nonpermissive temperature, the phenotype (the shape of the cells and the staining pattern of M) obtained after transfection with ptsM20 as well as after infection with the mutant virus tsG33 were very similar. In order to determine whether this phenotype is dependent on the temperature and is reversible, as is the case for virus-infected cells, Cos cells were transfected with ptsM20 and incubated for 20 h at 40°C. The temperature was then shifted down for different times. Like with tsG33-infected cells, the granular immunofluorescent staining which was observed at 40°C (Fig. 7A ) disappeared with time and M protein was stained diffusely throughout the cell with only small remaining dots. This occurred rapidly within 3 h after the temperature change (Fig. 7B) . After 6 h, the staining appeared to be entirely diffuse (Fig. 7C) . After 24 h at 32°C, the transfected cells developed the typical CPE, and as expected, the number of positive cells was greatly reduced (Fig. 7D) , whereas cells which were maintained at 40°C for 40 h kept their initial morphology and the dotted staining pattern for M protein. These results confirmed that the shape of the cells and the distribution of tsM protein in the cytoplasm are correlated and that they are both entirely dependent on the temperature. We conclude that M protein alone is sufficient to induce the morphological changes that lead to the characteristic visible CPE of a VSV infection.
Differential effect of the amino-and carboxy-terminal deletions on the cytopathic activity of M protein. In order to define the region of M protein that is responsible for the CPE, we constructed two clones, pMA1 and pMA2, which differed from the complete M gene clone pKOM1 by deletions of 140 bp at the 5' terminus and of 267 bp at the 3' terminus, respectively, of the wild-type M protein (Fig. 6B) .
The deletion mutant DNAs were constructed by using the PCR and specific synthetic oligonucleotide primers as described in Materials and Methods. The DNAs were cloned into pJC119XB for expression in Cos cells and into pGem4XB for in vitro transcription by T7 (Fig. 8) . However, both truncated M pr MA2, could be translated in vitro and could the mixture of the monoclonal antibodies di cipitations (not shown). Both proteins acrylamide gels as expected from their cal weights (Fig. 4, lanes 4 and 5, (35) , to lymphocytic choriomeningitis virus (30) in vivo, and to measles virus during subacute sclerosing panencephalitis (2, 3, 6) . It is striking that with the majority of subacute sclerosing panencephalitis isolates, the matrix protein gene was found to be specifically hypermutated compared with the other genes (6) . This hypermutation may be necessary to maintain a persistent measles infection simply because it decreases the chances of pseudoreversion, which consequently may lead to a disorganization of the cytoskeleton and to a dissociation of the cells.
